Objectives: To investigate the occurrence of plasmid-mediated fosfomycin resistance genes among Escherichia coli from food animals in China.
Introduction
Emerging fluoroquinolone-resistant and/or extended-spectrum b-lactamase (ESBL)-producing Enterobacteriaceae are increasingly reported worldwide, and alternative options for the treatment of infections caused by these resistant strains are limited. 1 One of the available alternative treatments in humans for multidrugresistant pathogens, including carbapenem-resistant Enterobacteriaceae, is fosfomycin. 1, 2 Fosfomycin is a long-established antimicrobial agent with broad-spectrum bactericidal activity against both Gram-negative and some Gram-positive bacteria. Oral treatment with fosfomycin tromethamine is effective against lower urinary tract infections caused by ESBL-producing Escherichia coli. Despite the fact that it has been in use for many years, fosfomycin continues to have a low incidence of resistant E. coli strains (1%-3%) worldwide and does not exhibit co-resistance with other antimicrobial groups. 2 The main mechanism of resistance to fosfomycin appears to be chromosome encoded rather than plasmid borne. 3 However, plasmid-mediated fosfomycin resistance genes fosA3 and fosC2 were recently identified in CTX-M-producing E. coli in Japan. 4 Transferable fosfomycin resistance genes might accelerate the dissemination of fosfomycin resistance around the world. Recently, we were surprised to find that a relatively high (10.2%) prevalence of fosfomycin resistance, mainly mediated by FosA3, was observed in E. coli isolates recovered from pets during 2006 and 2010, despite the fact that none of the pets had received fosfomycin treatment. 5 Fosfomycin use is also prohibited in food animals in China. The aim of this study was to investigate the occurrence of plasmid-mediated fosfomycin resistance genes in E. coli from food animals. 
Materials and methods

Bacterial isolates
A total of 892 E. coli isolates collected from individual pigs (n¼368), chickens (n¼196), ducks (n¼261), geese (n¼35), pigeons (n¼20) and partridges (n¼12) in Guangdong Province in China during 2002-08 underwent fosfomycin resistance screening (Table S1 , available as Supplementary data at JAC Online). The E. coli isolates were incubated on Mueller-Hinton (MH) agar plates supplemented with 256 mg/L fosfomycin (Northeast Pharmaceutical Group, Ltd) and 25 mg/L glucose-6-phosphate.
PCR amplification
The E. coli isolates grown on MH agar plates supplemented with 256 mg/L fosfomycin and 25 mg/L glucose-6-phosphate were subjected to screening for the plasmid-mediated fosfomycin resistance genes fosA3, fosC2 and fosA by PCR amplification and sequencing; the primers and PCR conditions used were described previously. 5 Since the fosA3 gene often coexists with the bla CTX-M and rmtB genes, 5 the fosA3-positive strains were further investigated by PCR for the genes encoding CTX-M and RmtB. 6, 7 The genotype of bla CTX-M was confirmed by PCR and DNA sequencing. The genetic architecture surrounding the fosA3 gene was determined by PCR mapping and sequencing. 5 
Antimicrobial susceptibility testing
The MICs of ampicillin cefotaxime, gentamicin, amikacin, tetracycline, chloramphenicol, ciprofloxacin and fosfomycin were determined by the agar dilution method. The results were interpreted according to CLSI guidelines. 8 
Conjugation and transformation assays
Conjugation experiments were performed using the broth mating technique, with E. coli C600 strain (streptomycin resistant; MIC .2000 mg/L) as the recipient. Transconjugants were selected on agar supplemented with 2000 mg/L streptomycin and 200 mg/L fosfomycin. When conjugation was unsuccessful, a transformation experiment was carried out using E. coli DH5a as the recipient. Transformants were selected on Luria-Bertani agar plates containing 200 mg/L fosfomycin. Antimicrobial susceptibility testing was conducted on transconjugants and transformants, and the transfer of the resistance genes was confirmed by PCR.
Plasmid characterization
Plasmids carrying fosA3 were classified according to their incompatibility group using the PCR-based replicon-typing method. 9 In addition, replicon sequence typing of IncF plasmids and plasmid multilocus sequence typing (pMLST) of IncN plasmids were carried out as described previously, 10, 11 and alleles or sequence types were assigned by submitting the amplicon sequence to the pMLST web site (http://www.pubmlst.org/ plasmid). Plasmid addiction systems were determined using primers described by Mnif et al. 12 Plasmids extracted from transconjugants and transformants were digested with the endonuclease EcoRI (TaKaRa Biotechnology, Dalian, China) to determine the restriction fragment length polymorphism (RFLP) profile. To compare the similarity of two F33:A-:B-plasmids with already published plasmids from a pet (pHN7A8/HN7A8) 5, 13 and a pig farm (BP11, SP25, SP26, SP39 and OS43), 14 Southern blot hybridization was performed on EcoRI digestion fragments of the eight F33:A-:B-plasmids with a digoxigenin-labelled probe specific for fosA3.
Molecular typing and phylogenetic characterization
PFGE analysis of XbaI-digested genomic DNA for all fosA3-positive isolates was performed using a CHEF-MAPPER system. The results were interpreted according to the criteria of Tenover et al. 15 Isolates harbouring the fosA3 gene were also analysed by multilocus sequence typing (MLST), which was performed according to the specifications given at http://mlst.ucc.ie/mlst/dbs/Ecoli. The phylogenetic grouping of E. coli was carried out using a multiplex PCR assay. 16 Nucleotide sequence accession number
The new surrounding region of the fosA3 gene detected in this study has been deposited in the GenBank database under accession number JX017363.
Results
Prevalence of plasmid-mediated fosfomycin resistance genes
Of the 892 isolates, 12 (1.3%) isolates showed resistance to fosfomycin and 10 (1.1%) were positive for fosA3 (Table S1 ). Details of the FosA3-producing isolates, including the antimicrobial resistance phenotypes, are shown in Table 1 . No fosC2 or fosA gene was detected among these isolates. All isolates were resistant to cefotaxime, tetracycline and chloramphenicol, while nine, six and three isolates presented resistance to ciprofloxacin, gentamicin and amikacin, respectively. Screening for resistance genes confirmed that all fosA3-carrying isolates were CTX-M producers (nine CTX-M-65, one CTX-M-14 and one CTX-M-55), with one isolate carrying both bla CTX-M-65 and bla CTX-M-55 . In addition, three isolates were identified as carrying rmtB. Molecular typing results showed that these fosA3-carrying isolates belonged to nine different clonal groups (Table 1) . Phylogenetic group analysis revealed that group A (seven isolates) was dominant among the isolates that produced FosA3 (Table 1) .
PCR mapping confirmed that all fosA3 genes were surrounded by IS26, with the exception of one isolate (D55) that tested negative. All fosA3 genes were located 316 bp downstream of IS26, while the size of the spacer region between the 3 ′ end of fosA3 and IS26 varied (1758, 536 and 1643 bp) ( Table 1) .
Plasmid analysis
Transfer of the fosA3-carrying plasmid by conjugation was successful from seven E. coli isolates, while transformation experiments succeeded for one strain (ZI19). No transconjugant or transformant was obtained from the other two isolates in spite of repeated attempts. Cefotaxime resistance and bla CTX-M were co-transferred with the fosA3 gene carried by the eight donors, and amikacin resistance and rmtB were also co-transferred with the fosA3 gene from two donors. The replicon types of the FosA3-encoding plasmids were IncN (n¼ 4), IncFII (n¼ 3) and IncI1 (n¼1). Two IncF replicon sequence types, F33:A-:B-(n¼ 2) and F2:A-:B-(n¼ 1), were identified. pMLST results revealed that the four IncN plasmids carrying bla CTX-M-65 were type ST8, similar to pKC396 (GenBank accession number HM138653) and pKC394 (GenBank accession number HM138652) carrying bla CTX-M-65 from Germany. 11 It appears that ST8-type IncN plasmids carrying bla CTX-M-65 have fosA3 in Escherichia coli from food animals disseminated worldwide. RFLP analysis revealed very diverse plasmid patterns, with the exception of the two F33:A-:B-plasmids that showed indistinguishable RFLP patterns (Figure 1 ). EcoRI digestion and Southern blotting results showed that F33:A-:B-plasmids of different origins gave the same patterns as pHN7A8 (Figure 1 ). IncFII-and IncI1-type plasmids possessed two to three addiction systems, while IncN plasmids carried no addiction systems (Table 1) .
Discussion
In this study we investigated the occurrence of fosfomycin resistance and the characteristics of plasmids harbouring fosA3. Compared with E. coli isolated from pets, 5 the occurrence of fosfomycin resistance and the plasmid-borne fosfomycin resistance gene among E. coli from food animals is rare. However, similar to FosA3-producing E. coli isolates from pets, the only detected plasmid-mediated fosfomycin resistance gene was fosA3, and all FosA3 producers carried bla CTX-M . Very recently, several plasmids carrying both fosA3 and bla CTX-M have been deposited in GenBank with the following accession numbers: JN232517 (pHN7A8), JF927996 (pXZ), JQ432559 (pHK23a), JQ343850, JQ343851 and JQ343849. Until now, all fosA3 genes were found to be associated with bla CTX-M . 4, 5, 13, 17, 18 The association with bla CTX-M has probably favoured the maintenance and dissemination of the fosA3 gene. In China, the frequency of bla CTX-M in E. coli isolated from food animals is usually ,15%, 19, 20 whereas it is .40% in pet isolates. 6 Thus the low incidence of fosA3 among food animals might be explained by the fact that this group has a relatively low occurrence of bla CTX-M compared with pets.
Two fosfomycin-resistant isolates were negative for known plasmid-mediated fosfomycin resistance genes. However, the fosfomycin resistance of the two isolates could be transferred to the recipient cells by conjugation and transformation (data not shown). Further research is needed to elucidate the fosfomycin resistance mechanism of those two isolates. In one isolate (Y2F3), where fosA3 was not transferred by either transformation or conjugation, the location of fosA3 was determined to be on the plasmid by hybridization with the fosA3 gene (data not shown). However, we failed to determine the location of fosA3 in the other isolate, QY003.
Previous studies have shown that the fosA3 genes from pets are flanked by IS26. 4, 5, 18 This study showed that fosA3 genes shared a similar genetic environment with other reported fosA3 genes and further confirmed that IS26 plays an important role in the spread of fosA3 genes. In addition, fosA3 was always found to be associated with rmtB and bla CTX-M-65 on very similar F33:A-:B-plasmids. 5 The two F33:A-:B-plasmids carrying fosA3 found in this study also carried rmtB and bla CTX-M-65 , and have EcoRI RFLP patterns similar to the F33:A-:B-plasmids from pets in Guangdong Province 5 and from a pig farm in Jiangxi pronvince.
14 Recently we completely sequenced the F33:A-:B-plasmid pHN7A8 isolated from a pet (GenBank accession number JN232517) carrying fosA3, rmtB and bla CTX-M-65 . 13 Using primers specific to pHN7A8, the two F33:A-:B-plasmids found in this study were identified as pHN7A8-like plasmids (data not shown). This demonstrates that F33:A-:B-plasmids have successfully dispersed and are important vectors for spreading fosA3 among both companion and food animals in China. IncF plasmid types are thought to be well adapted to proliferation in E. coli. The presence of addiction systems encoded in resistance plasmids may allow for the maintenance of resistance genes within a given bacterial population. 12 As shown in our previous study, 5 F33:A-:B-plasmids carrying fosA3 harboured three addiction systems (pemI/pemK, hok/mok/sok and srnB), which may contribute to its adaptation to and persistence in bacterial hosts.
The occurrence of fosfomycin resistance in E. coli from human and animal isolates is still rare in many countries. 2 Until now, fosA3 has only been found in E. coli isolated from Asian countries: Japan, 4 mainland China, 5,17 Korea 18 and the Hong Kong region (GenBank accession number JQ432559). Considering the adaptation potential of F33:A-:B-plasmids and the genetic environment of fosA3, the spread of fosA3 from Asia to other countries is possible. Although the occurrence of plasmid-mediated fosfomycin resistance remains low in isolates from domesticated animals, its coexistence with other important resistance genes may facilitate its quick spread. The emergence of fosA3 in domesticated animals could impact on humans, with the potential transfer of resistance through the food chain, and might limit future treatment options for bacterial infections in humans.
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